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We study the double heavy baryon ΞQQ0 and tetraquark TQQ production through photon-photon and
photon-gluon fusion via ultraperipheral collisions at the LHC and Future Circular Collider (FCC) within
the framework of nonrelativistic QCD factorization formalism. Various ion-ion collisions are taken into
account, two ccðbbÞ-diquark configurations (½ccðbbÞ; 3S1-3̄� and ½ccðbbÞ; 1S0-6�) and four bc-diquark
configurations (½bc; 3S1-3̄�, ½bc; 3S1-6�, ½bc; 1S0-3̄�, and ½bc; 1S0-6�) are considered in the calculation.
Numerical results indicate that the ½cc; 3S1-3̄� diquark provides dominant contribution for Ξcc (Tcc)
production, and a considerable number of Ξcc (Tcc) can be produced. Because the event topologies for
ultraperipheral collision are very clear, the background from various QCD interactions can be suppressed,
hence the experimental investigation for Ξcc and Tcc is feasible. The productions for Ξbc=bb are also
discussed, leaving only a slight possibility for Ξbc through photon-gluon fusion with ultraperipheral
collisions at the FCC.
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I. INTRODUCTION

The existence of doubly heavy baryons, predicted by the
quark model, has been a mystery for more than a half
century until the LHCb Collaboration observed the Ξþþ

cc
signal via Λþ

c K−πþπþ channel [1] and further confirmed
via Ξþþ

cc → Ξþ
c π

þ [2,3]. And recently, doubly heavy
tetraquark Tþ

ccð3875Þ has also been seen through
Tþ
ccð3875Þ → D0D0πþ at the LHCb [4]. The doubly heavy

component within those hadrons indicates a typically
nonrelativistic feature, hence they tend to stay close and
form heavy-heavy diquarks. In this way, the production
of doubly heavy hadrons can be described by the non-
relativistic QCD (NRQCD) [5], which factorizes the
production into two steps. The first step is to produce
heavy-heavy diquarks with given spin-color structure, e.g.,
½cc; 3S1-3̄Þ�; ½cc; 1S0-6�, which is perturbatively calculable.
The second step is reserved for the hadronization of the
diquark though unperturbative QCD mechanism, e.g.,

fragmentation, which is encoded into long-distance matrix
elements (LDMEs) and fragmentation function.
Among the earlier theoretical investigations toward the

production of doubly heavy baryons, only the color
antitriplet diquark configuration is proposed [6–12]. As
indicated in Ref. [13], the contribution from color sextuplet
holds the same level with the color antitriplet at the
framework of NRQCD factorization. In this way, there
are extensive studies for the production channels of ΞQQ0

through eþe− [14,15], γγ [16,17], ep [18,19], and pp
[20,21] collisions, and also the indirect productions through
W, Z, Higgs, and top quark [22–25]. Based on the diquark-
diquark picture, the productions for exotic tetraquark Tcc
are also investigated [26–28]. The above studies may
provide opportunities to experimental researches for dou-
bly heavy hadrons and make a new test window for
NRQCD factorization formalism at various colliders.
The ultraperipheral heavy ion collisions (UPCs) [29–33]

are ideal to study double heavy hadrons due to their low
event multiplicity and efficient signal selection, and the
dissociation effect caused by thermal medium can be
avoided [34]. The equivalent real photon interaction can
be studied if the ion impact parameter is much larger than
the ion radius,1 in which the elastic scattering is a pure QED
process. The unbroken ion will cause less additional
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1The term “ultraperipheral” means collisions with distance
b > R1 þ R2 and should be distinguished from “peripheral”
collision where b ≈ R1 þ R2.
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calorimetric signals and large signal rapidity gap with the
produced state, hence lead to efficient signal selection.
Further more, the photon density is proportional to the
square of ion charge Z under the equivalent photon
approximation, e.g., the γ − γ luminosity is enhanced by
824 in Pb-Pb collisions compared with electron brems-
strahlung [16,17], and the production cross sections via
photon-photon and photon-gluon collisions for doubly
heavy hadrons will be considerable. Therefore, we will
explore the doubly heavy baryon and tetraquark production
through elastic photon-photon and photon-gluon fusions at
the LHC.
The rest of this paper is organized as follows. In Sec. II,

we present the primary formulas employed in the calcu-
lation. In Sec. III, the numerical results and discussions
toward doubly heavy baryon and tetraquark production are
performed. The last section is reserved for summary and
conclusions.

II. FORMULATION

The electromagnetic filed of high energy ions can be
approximately identified to quasireal photon distribution
where the longitudinal part is highly suppressed. Analogous
to the vonWeizsacker–Williams method [35,36], the equiv-
alent photon energy spectrum can be formulated by [37]

nγ=AðωÞ¼
2Z2α

π

�
ξK0ðξÞK1ðξÞ−

ξ2

2
ðK1ðξÞ2−K2

0ðξÞÞ
�
; ð1Þ

where ω is photon energy, Z is ion charge, α is the
electromagnetic fine structure constant, ξ ¼ ωR=γLβ, R is
the ionic radius, γL; β areLorentz factors, andK0=1ðξÞ are the
modified Bessel functions.
In this paper, we will refer to elastic photoproduction

(photon-photon) cross section for one (two) photon process
Aþ B → Aþ X (Aþ B → Aþ X þ B). The event topol-
ogies for those processes are very clean: very forward ions
measured far from the collision point and a few centrally

produced particles; the photon momenta can be precisely
measured, allowing one to reconstruct any missing degrees
of freedom in the final state; the background from parton-
parton interaction can be sufficiently suppressed if no
strong interaction is involved.
The total cross section for elastic photoproduction of

Aþ B → Aþ X can be factorized as

σðAþ B → Aþ XÞ

¼
Z

dω
ω

nγ=AðωÞ
Z

dxfg=BðxÞσ̂ðγg → XÞ; ð2Þ

where fg=BðxÞ is the distribution function of gluon for
nucleus B. For the elastic photon-photon collision, the total
cross section of Aþ B → Aþ X þ B is factorized into
convolution of photon-photon luminosity and γγ → X cross
section,

σðAþ B → Aþ X þ BÞ

¼
Z

dω1

ω1

n1ðω1Þ
Z

dω2

ω2

n2ðω2Þσ̂γγ→XðWγγÞ

¼
Z

dWγγ

Z
dY

dLγγ

dWγγdY
σ̂γγ→XðWγγÞ: ð3Þ

Here dLγγ

dWγγdY
is the equivalent photon luminosity,

dLγγ

dWγγdY
¼ 2

Wγγ
n1

�
Wγγ

2
expY

�
n2

�
Wγγ

2
exp−Y

�
; ð4Þ

Y is the rapidity of the γ − γ system with Y ¼ 1
2
ln ω1

ω2
. The

effective photon-photon luminosities dLγ=dWγ (with Y
integrated) for various ion-ion collisions are given in Fig. 1.
Throughout our description, the survival probabilities,
which correspond to the probability of scattered ions not
to dissociate due to the secondary soft interactions, are set
to be 100%. Detailed calculation of the survival factors may

FIG. 1. Functions of ultraperipheral photon spectra fγAðxÞ ¼ nðωÞ=x and comparison of the effective photon-photon luminosities
dLγγ=dWγγ for various ultraperipheral ion collisions with

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2 TeV.
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depend on the impact parameter space for each ions. We
neglect this probability in the following analysis, the effect
is estimated to be less than 20% as indicated in Ref. [38].
For the elastic photon-photon fusion, there are 40

Feynman diagrams in total for γγ → ðQQÞ½n� þ Q̄þ Q̄
at leading order (LO),2 half of them are given in Fig. 2,
another 20 diagrams can be obtained via exchanging initial
photons. The topologies labeled b-(1,2,3) are fragmentation
diagrams with one of the final heavy quark fragmenting
into the ðQQÞ diquark. According to NRQCD factorization
formalism, the cross section for γγ → ðQQ0Þ½n� þ Q̄þQ0
takes the form

σ̂
γγ→HQQ0þQ̄þQ0 ¼

X
n

σ̂ðγγ→ ðQQ0Þ½n�þ Q̄þQ0ÞhOHðnÞi;

ð5Þ

where hOHðnÞi is the LDME for ðQQ0Þ½n�, which represents
the inclusive transition probability of the ðQQ0Þ½n� diquark
state into doubly heavy ΞQQ0=TQQ0 hadrons, and ½n� stands
for the spin-color numbers of ðQQ0Þ½n� diquark state.
The short-distance cross section for γγ → ðQQ0Þ½n� þ

Q̄þQ0,

dσ̂ðγγ→ ðQQ0Þ½n�þ Q̄þQ0Þ

¼ 1

2

1

2

1

2sγγ

X
jMðγγ→ ðQQ0Þ½n�þ Q̄þQ0Þj2dPS3; ð6Þ

can be obtained after integrating the phase space. Here the
two 1

2
factors are the polarization average for initial photons,

1
2sγγ

is the photon-photon flux, and an extra 1
2
factor is needed

if Q ¼ Q0 due to identical particles average.
In the elastic photoproduction of Ξcc, apart from similar

topologies (one photon is replaced by a gluon) in Fig. 2,
more topologies are involved, see Fig. 3. An extra 1=8 color
factor is needed in Eq. (6).

FIG. 2. Half Feynman diagrams for γγ → ðQQÞ½n� þ Q̄Q̄, where Q represents the heavy charm or bottom quark, ½n� is the spin-color
number for theQQ-diquark. The remaining diagrams can be obtained via exchanging initial two photons. The topologies, e.g., a-3, will
not exist for QQ0½n� production, leaving only 20 Feynman diagrams in total.

2We note that there are only 20 Feynman diagrams for Ξbc
production.
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The hard scattering amplitude M for γγðγgÞ → ðQQ0Þ½n� þ Q̄þQ0 can be formulated as

MððQQ0Þ½n�Þ ¼ ϵαϵβūðpQ; σ1Þγαnsfðqn−1; mQÞ � � � sfðq1; mQÞγα1vðpQ̄; σ4Þ
× ūðpQ0 ; σ2Þγ0β1sfðq01; mQ0 Þ � � � sfðq0m−1; mQ0 Þγ0βmvðpQ0 ; σ3Þ
× BðS; σ1; σ2;pQQ0 ;MQQ0 Þ × C × G: ð7Þ

Here, ϵα=β are the polarization vectors for initial states, σi
stands for the spin state of the final heavy quark, and
sfðq;mÞ is the fermion propagator between two interaction
vertices. BðS; σ1; σ2;pQQ0 ;MQQ0 Þ represents the wave
function of heavy diquark ðQQ0Þ½n�, C is the SU(3) color
factor, and G is the gluon propagator.
In computing the heavy quarkonium production cross

sections, the covariant spin-projector method is applied to
identify spin-singlet and spin-triplet amplitudes. At the
leading order of relative velocity expansion of NRQCD, the
standard spin projector [39] can be written as

vðpQ̄ÞūðpQ0 Þ ¼ 1

2
ffiffiffiffiffiffiffiffiffiffimQQ0

p ϵðpQQ0 ÞðpQQ0 þmQQ0 Þ; ð8Þ

where ϵðpQQ0 Þ is the polarization vector for the spin-triplet
state and the projector for the spin-singlet state can be
obtained by replacing the ϵðpQQ0 Þ with γ5.
To project the amplitude in Eq. (7) into a given spin state,

we need translate the fermion chain

a ¼ ūðpQ; σ1Þγαnsfðqn−1; mQÞ � � � sfðq1; mQÞγα1vðpQ̄; σ4Þ
ð9Þ

into

a ¼ aT ¼ vTðpQ̄; σ4ÞγTα1sTf ðq1; mQÞ � � � sTf ðqn−1; mQÞγTαn ūTðpQ; σ1Þ
¼ vTðpQ̄; σ4ÞCC−1γTα1CC−1sTf ðq1; mQÞCC−1 � � � CC−1sTf ðqn−1; mQÞCC−1γTαnCC−1ūTðpQ; σ1Þ
¼ ð−1Þnþ1ūðpQ̄; σ4Þγα1sfð−q1; mQÞ � � � sfð−qn−1; mQÞγαnvðpQ; σ1Þ ð10Þ

with the help of charge conjugation operator C ¼ −iγ2γ0 and the relations

CC−1 ¼ 1; C−1γTαiC ¼ −γαi ; C−1sTf ðqi; mQÞC ¼ sfð−qi; mQÞ;
vTðpQ̄; σ4ÞC ¼ −ūðpQ̄; σ4Þ; C−1ūTðpQ; σ1Þ ¼ vðpQ; σ1Þ: ð11Þ

FIG. 3. Extra Feynman diagrams for γg → ðQQÞ½n� þ Q̄Q̄, where Q represents the heavy charm or bottom quark, ½n� is the spin-color
number for the QQ-diquark. The remaining diagrams can be obtained via exchanging initial photon and gluon.

TABLE I. The nucleon-nucleon (NN) c.m. energy
ffiffiffiffiffiffiffiffi
sNN

p
, effective charge radius RA [53], and integrated luminosity per typical run

Lint for ultraperipheral collisions at HL-LHC and FCC.

System Pb-Pb Xe-Xe Kr-Kr Ar-Ar Ca-Ca O-O p-Pb p-p Pb-Pb p-Pb p-pffiffiffiffiffiffiffiffi
sNN

p
(TeV) 5.52 5.86 6.46 6.3 7.0 7.0 8.8 14 39.4 62.8 100

RA (fm) 7.1 6.1 5.1 4.1 4.1 3.1 0.7, 7.1 0.7 7.1 0.7, 7.1 0.7
Lint 5 nb−1 30 nb−1 120 nb−1 1.1 pb−1 0.8 pb−1 12 pb−1 1 pb−1 150 fb−1 110 nb−1 29 pb−1 1 ab−1
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According to SU(3) decomposition: 3 ⊗ 3 ¼ 3̄ ⊕ 6, the
heavy diquark could be either color antitriplet 3̄ which is
attractive in, e.g., one-gluon exchange potential [40,41], or
color sextuplet 6 which is repulsive. The color factor C in
Eq. (7) is defined as

C ¼ Cijk ¼ N c ×
X
m;n

ðTaÞimðTaÞjn × Gmnk; ð12Þ

whereN c ¼ 1ffiffi
2

p is the normalization factor, the factor Gmnk

stands for the (anti)symmetric tensor (ϵmnk) fmnk for the
color (antitriplet 3̄) sextuplet 6, which satisfies the follow-
ing relations:

ϵmnkϵm0n0k ¼ δmm0δnn0 − δmn0δnm0 ;

fmnkfm0n0k ¼ δmm0δnn0 þ δmn0δnm0 : ð13Þ

In the calculation, the Mathematica package FEYNARTS

[42] is used to generate Feynman diagrams; FEYNCALC [43]

and FEYNCALCFORMLINK [44] are used to handle the
algebraic calculation; the overall phase-space integrals
are performed numerically by using the package CUBA [45].

III. NUMERICAL RESULTS AND DISCUSSIONS

The LDME for antitriplet h3̄ can be related to the matrix
element jh0jχþσψ j3S1ij2, which is the transition of a QQ0

pair into a 3S1 quarkonium, by assuming that the potentials
for bindingQQ0 andQQ0 states are all hydrogenlike. In this
way, the radial wave function at the origin RQQ0 ð0Þ is
related to h3̄ by

h3̄ ¼ jΨQQ0 ð0Þj2 ¼ 1

4π
jRQQ0 ð0Þj2: ð14Þ

Note that the LDME h3̄ does not consider the dissociation
effect of the diquark, which could be small in the absence of
quark gluon plasma (QGP), but would decrease the
hadronization probability of the diquark; our present
estimations can be treated as an upper limit for the
production channels. According to the velocity scaling
rule of NRQCD [5], the LDME for color sextuplet h6 is on
same order of h3̄, hence we take h6 ¼ h3̄ in our calculation.
The input parameters are taken as

α ¼ 1=137.065; mp ¼ 0.9315 GeV;

mc ¼ 1.8 GeV; mb ¼ 5.1 GeV

jΨccð0Þj2 ¼ 0.039 GeV3; jΨbcð0Þj2 ¼ 0.065 GeV3;

jΨbbð0Þj2 ¼ 0.152 GeV3; ð15Þ

where the wave functions at the origin are taken from
Refs. [7,46] with above heavy quark masses.
The one-loop formula αsðμÞ

4π ¼ 1
β0L

for the running cou-
pling constant is adopted in our calculation, where
L ¼ lnðμ2=ΛQCDÞ2, β0 ¼ 11

3
CA − 4

3
TFnf with nf ¼ 4,

ΛQCD ¼ 297 MeV for Ξcc production, and nf ¼ 5, ΛQCD¼
214MeV for ΞbcðbbÞ production. The renormalization scale

FIG. 4. The cross section for γ þ γ → Ξcc½3S1-3̄þ 1S0-6� þ c̄c̄
versus c.m. energy (Wγγ) of photon-photon fusion.

TABLE II. The cross sections for γ þ γ → Ξcc½cc; n� þ c̄c̄ through UPCs at the HL-LHC and FCC.

Collisions
ffiffiffiffiffiffiffiffi
sNN

p
(TeV) Ξcc½cc; 3S1-3̄� Ξcc½cc; 1S0-6� Total NΞcc

Pb-Pb 5.52 270 nb 9.53 nb 279.5 nb 1.40 × 103

Xe-Xe 5.86 65.9 nb 2.38 nb 68.28 nb 2.05 × 103

Kr-Kr 6.46 17.8 nb 0.663 nb 18.46 nb 2.21 × 103

Ar-Ar 6.3 1.36 nb 0.0518 nb 1.411 nb 1.55 × 103

Ca-Ca 7.0 2.31 nb 0.0886 nb 2.398 nb 1.92 × 103

O-O 7.0 77.1 pb 3.03 pb 80.13 pb 9.61 × 102

p-Pb 8.8 203 pb 8.33 pb 211.33 pb 2.11 × 102

p-p 14 89.6 fb 3.99 fb 93.59 fb 1.43 × 104

Pb-Pb 39.4 1780 nb 74.5 nb 1854 nb 2.04 × 105

p-Pb 62.8 728 pb 32.8 pb 760.8 pb 2.20 × 104

p-p 100 233 fb 10.9 fb 243.9 fb 2.44 × 105
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is set to be transverse mass of ΞQQ0 with μr ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

ΞQQ0 þ p2
t

q
. The Les Houches Accord parton distribu-

tion function [47] is adopted for the gluon parton distri-
bution functions in ions with datasets labeled
“nCTEQ15WZ” [48] and the factorization scale μf is set
to be the same as renormalization scale.

A. Elastic photon-photon production

The interaction of heavy ions at large impact parameters
is purely electromagnetical; such an interaction can be
considered as real photon-photon fusion. The generic
characteristics of photon-photon fusion in ultraperipheral
ion-ion collisions at HL-LHC [49,50] and Future Circular
Collider (FCC) [51,52] energies are collected in Table I.
Compared to the eþe− and p-p collisions, the typical
features of photon-photon collision via UPCs are the lack
of pileup and highly photon flux boost (Z4). Hence, the
event signatures will be clear and the reconstruction
efficiency can be improved.
The photon-photon cross section for Ξcc versus Wγγ

within default parameters is given in Fig. 4, and the
contributions from color antitriplet 3̄ and sextuplet 6 are
collected. The cross section reaches its maximal value just
several GeV above the threshold and decreases with c.m.
energy of photon-photon system. As the effective photon-
photon luminosities decrease dramatically with Wγγ , the
main contribution can be only related to small Wγγ values,
typically from 4mc to 50 GeV. The cross sections for each
spin-color state of Ξcc are listed in Table II. The contri-
bution from cc½1S0-6� is only 3% ∼ 5% to that of cc½3S1-3̄�,
the ratio holds also for Ξbb.
Supposing the integrated luminosities in Table I and

aggregating the contributions for diquark in all spin-color
structures, the produced Ξcc numbers via various UPCs at
the HL-LHC are around 103. As the collision energies and
luminosities are highly improved at the FCC, the yields for
Ξcc can be increased by one or two magnitudes, reaching

2.44 × 105 for p-p in 100 TeV with a integrated luminosity
of 1 ab−1. To estimate the event, we set the relative
possibilities for various light quarks as u∶d∶s ∼ 1∶1∶0.3,
and the reconstruction channel BrðΞþþ

cc → Λþ
c K−πþπþÞ ≈

10% [54], BrðΛþ
c → pKþπþÞ ≈ 5% [55]. Considering

some detection efficiencies, Ξþþ
cc events via ultraperipheral

collisions may be expected at the FCC.
As the number of events corresponding to γ þ γ →

Ξcc½cc; 3S1-3̄þ 1S0-6� þ c̄ c̄ is considerable, it is worthy
to perform a more elaborate phenomenological analysis.
The transverse momentum and rapidity distributions of Ξcc
through UPCs are given in Fig. 5, with the pT ¼ 1–30 GeV
and y ¼ ½−3; 3�. The cross sections decease rapidly versus
high pT , showing a logarithmic dependence of pT . As the
UPCs are characterized by a large rapidity gap between the
produced state and the interacting nucleus accompanied by
forward neutron emission from the deexcitation of the
nucleus [31], the resulting rapidity distribution is relatively
narrow and centered at midrapidity. For the equal energy
beam collisions, the rapidity distributions show a symmet-
ric behavior. To estimate the theoretical uncertainties
caused by charm mass and renormalization scale, we set
the charm mass to be 1.7, 1.8, and 1.9 GeV, and the
renormalization scales are chosen to be 1

2
, 1, and 2 times of

Ξcc transverse mass, see Table III.
We also study the production cross sections for Ξbc=bb

via various UPCs at HL-LHC and FCC; the numerical

FIG. 5. The transverse momentum pT and rapidity y distributions for Ξcc production via ultraperipheral collisions. Here, for the pT
distribution, y is cut to be ½−3; 3�; for the y distribution, pT is cut to be 1–30 GeV.

TABLE III. The cross sections forΞcc½cc; 3S1-3̄� (Ξcc½cc; 1S0-6�)
(in unit of nanobarn) under differentmc and renormalization scales
through ultraperipheral Pb-Pb collision at 5.52 TeV.

mc (GeV)

μ 1.7 1.8 1.9

1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

c þ p2
T

p
752 (25.8) 496 (16.9) 334 (11.4)ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4m2
c þ p2

T

p
404 (14.3) 271 (9.53) 185 (6.48)

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4m2

c þ p2
T

p
252 (9.09) 170 (6.10) 117 (4.18)
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results for each spin-color states are listed in Tables IV and
V. As the heavy constituent for bc quark is different, the
exchange asymmetry for identical particles does not hold;
hence all diquark structures for spin-color states in

bc½3S1-3̄�; bc½3S1-6�; bc½1S0-3̄�, and bc½1S0-6� will contrib-
ute in a comparable level with slight suppression for the
spin singlet, as indicated by previous predictions [10,11].
Furthermore, the cross section for color antitriplet 3̄ is 2

TABLE IV. The cross sections for γ þ γ → Ξbc½bc; n� þ b̄c̄ through UPCs at the HL-LHC and FCC.

Collisions
ffiffiffiffiffiffiffiffi
sNN

p
(TeV) Ξbc½bc; 3S1-3̄� Ξbc½bc; 3S1-6� Ξbc½bc; 1S0-3̄� Ξbc½bc; 1S0-6� Total

Pb-Pb 5.52 850 pb 425 pb 335 pb 167.5 pb 1777 pb
Xe-Xe 5.86 221 pb 110 pb 88 pb 44 pb 463 pb
Kr-Kr 6.46 64.3 pb 32.1 pb 25.8 pb 12.9 pb 135.1 pb
Ar-Ar 6.3 5.16 pb 2.58 pb 2.08 pb 1.04 pb 10.86 pb
Ca-Ca 7.0 8.94 pb 4.47 pb 3.62 pb 1.81 pb 18.84 pb
O-O 7.0 315 fb 157 fb 128 fb 64 fb 664 fb
p-Pb 8.8 910 fb 455 fb 374 fb 187 fb 1926 fb
p-p 14 0.472 fb 0.236 fb 0.197 fb 0.098 fb 1.003 fb

Pb-Pb 39.4 8.32 nb 4.16 nb 3.44 nb 1.72 nb 17.64 nb
p-Pb 62.8 3.92 pb 1.96 pb 1.65 pb 0.825 pb 8.355 pb
p-p 100 1.36 fb 0.68 fb 0.58 fb 0.29 fb 2.91 fb

TABLE V. The cross sections for γ þ γ → Ξbb½bb; n� þ b̄b̄ through UPCs at the LHC and FCC.

Collisions
ffiffiffiffiffiffiffiffi
sNN

p
(TeV) σðγγ → Ξbb½bb; 3S1-3̄� þ b̄b̄Þ σðγγ → Ξbb½bb; 1S0-6� þ b̄b̄Þ Total

Pb-Pb 5.52 37.0 pb 1.12 pb 38.12 pb
Xe-Xe 5.86 10.2 pb 0.323 pb 10.52 pb
Kr-Kr 6.46 3.18 pb 0.105 pb 3.285 pb
Ar-Ar 6.3 265 fb 9.09 fb 274.1 fb
Ca-Ca 7.0 470 fb 16.3 fb 486.3 fb
O-O 7.0 17.4 fb 0.629 fb 18.02 fb
p-Pb 8.8 54.1 fb 2.08 fb 56.18 fb
p-p 14 32 ab 1.4 ab 33.4 ab

Pb-Pb 39.4 514 pb 20.4 pb 534.4 nb
p-Pb 62.8 273 fb 12 fb 285 fb
p-p 100 101 ab 4.74 ab 105.7 ab

TABLE VI. The cross sections for gþ γ → Ξcc½cc; n� þ c̄ c̄ through elastic photoproduction at the HL-LHC and
FCC. The cross sections in brackets are the contributions from γ þ g channel, which are different from gþ γ channel
in the p-Pb collision; while the two contributions are absolutely equal for same ions collision, e.g., Pb-Pb. The total
cross sections contain all the gþ γ and γ þ g channels.

Collisions
ffiffiffiffiffiffiffiffi
sNN

p
(TeV) Ξcc½cc; 3S1-3̄� Ξcc½cc; 1S0-6� Total NΞcc

Pb-Pb 5.52 82.9 μb 7.09 μb 179.98 μb 9.00 × 105

Xe-Xe 5.86 24.9 μb 2.14 μb 54.08 μb 1.62 × 106

Kr-Kr 6.46 8.34 μb 0.72 μb 18.12 μb 2.17 × 106

Ar-Ar 6.3 1.08 μb 0.094 μb 2.35 μb 2.58 × 106

Ca-Ca 7.0 1.46 μb 0.127 μb 3.17 μb 2.53 × 106

O-O 7.0 108 nb 9.44 nb 234.88 nb 2.81 × 106

p-Pb 8.8 628 (44.2) nb 54.2 (4.01) nb 730.41 nb 7.30 × 105

p-p 14 325 pb 29.6 pb 709.2 pb 1.06 × 108

Pb-Pb 39.4 374 μb 34.3 μb 816.6 μb 8.98 × 107

p-Pb 62.8 2.75ð0.14Þ μb 0.25ð0.013Þ μb 3.15 μb 9.13 × 107

p-p 100 1090 pb 103 pb 2386 pb 2.38 × 109
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times of sextuplet 6 in the same spin state (1S0 or 3S1) due to
SU(3) algebra. At the HL-LHC, only tens of Ξbc could be
produced and in thousands for the FCC. For the Ξbb, the
production cross sections are further suppressed. Hence,
the phenomenological investigation for Ξbc=bb through
ultraperipheral ion-ion collisions may not be feasible.

B. Elastic photoproduction

In this subsection, we shall discuss the cross sections for
the Ξccðbc=bbÞ production through elastic photoproduction
Aþ B → Aþ Ξccðbc=bbÞ þ c̄c̄ðb̄c̄=b̄b̄Þ þ X at the LHC,
and the productions for doubly heavy tetraquark are also
discussed. Different from photoproduction in the electron-
ion collision, where only the γ þ g channel will contribute
with one photon produced by electron and one gluon
produced by ion, the gþ γ channel also needs to be take
into account. For the same ion collision, e.g., Pb-Pb, the
two channels will lead to equal cross section; while for the
p-Pb collision, the luminosity is enhanced by 1 × Z2 (Z is
charge number of Pb) for the gþ γ channel and only
enhanced by 1 × A (A is nucleus number of Pb) for the
γ þ g channel, thus the contribution from γ þ g is negli-
gible. In the following analysis, the contributions for both
channels are given.
The elastic photoproduction cross sections for each

spin-color state of Ξcc are listed in Table VI. Compared
with elastic photon-photon production, the production
ratios for ½cc; 1S0-6�=½cc; 3S1-3̄� increase to 8% ∼ 9%.
Supposing the integrated luminosities in Table I and
collecting all the diquark structures, the produced Ξcc
numbers via various elastic photoproduction at the
HL-LHC and FCC are estimated in Table VI. In Pb-Pb
collision with

ffiffiffiffiffiffiffiffi
sNN

p ¼ 5.52 TeV, the produced Ξcc is
around 9 × 105 and increases to 108 for 14 TeV p-p collision
due its high luminosity. To estimate the event, we adopt the
reconstruction channel BrðΞþþ

cc → Λþ
c K−πþπþÞ ≈ 10%

[54], BrðΛþ
c → pKþπþÞ ≈ 5% [55]. The event numbers

for Ξþþ
cc in this reconstruction channel are 1.95 × 103 for

Pb-Pb collision and 2.3 × 105 for p-p collision. As the
collision energies and luminosities are highly improved at
the FCC, the yields for Ξcc can be increased by 1 or
2 magnitudes, leaving the possibility for further pheno-
menological investigation toward Ξcc. As the physical
potential for observing doubly charmed baryons via the
gþγðγþgÞ→Ξcc½cc;3S1-3̄þ1S0-6�þ c̄c̄ channel is large,
we perform a detailed transverse momentum and rapidity
distributions ofΞcc in Fig. 6, with thepT cut to be 1–30GeV
and y set to be ½−3; 3�.
Considering the number of produced ½cc� diquark is

large, it is also possible to form a compact heavy-heavy
tetraquark Tcc composed of cc diquark and light antidi-
quark (e.g., ū d̄). The production mechanism of Tcc is
similar to Ξcc: (i) the generation of ½cc; n� diquark at short
distance; (ii) the subsequent formation of Tcc via combin-
ing two light quarks at long distance. The heavy-heavy
diquark cluster in color antitriplet may served as heavy
antiquark due to diquark-antiquark symmetry. Therefore, in
the heavy quark limit, its fragmentation probability for
combining light freedom to form doubly heavy tetraquarks
can be approximately described as the probability to
form heavy baryons from a heavy quark. The combining
probability3 is described by the fragmentation function
DΛc=cðzÞ of charm quark to charm baryon at the heavy
quark limit. The fragmentation fraction for c → Λþ

c is
measured to be 20.4% [56] at the LHC. In this way, the
production cross sections for Tþ

cc can be estimated by
σðTccÞ

σðΞccÞþσðTccÞ ¼ 20.4%, with σðTccÞ ¼ σðΞccÞ × 25.6%, and

yield total cross sections of 46 μb for Pb-Pb collision at
5.52 TeVand 181.5 pb for p-p collision at 14 TeV. Thus, the
produced Tþ

cc numbers could be 2.3 × 105 and 2.72 × 107,

FIG. 6. The transverse momentum pT and rapidity y distributions for Ξcc production via semielastic ion-ion collisions. Here, for the
pT distribution, y is cut to be ½−3; 3�; for the y distribution, pT is cut to be 1–30 GeV.

3In thermal medium, e.g., QGP, the cc diquark can be also
dissociated by strong interaction with medium. Where in ultra-
peripheral collision, it is hard to form QGP. Hence, we only
consider cc-diquark combination probability.
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respectively. Considering Tþ
cc is reconstructed by the

D0D0πþ channel (supposed to be 100%), with subsequent
D0 decay BrðD0 → K−πþÞ ¼ 3.94% [57], the event num-
ber for Tþ

cc could be 357 and 4.2 × 104 via elastic photo-
production of Pb-Pb and p-p collisions. As for the FCC,
the events could be further extended due to its better
performance.
We also study the production cross sections for Ξbc=bb

via various elastic photoproduction at HL-LHC and FCC,
and the numerical results for each spin-color states are
listed in Tables VII and VIII. As the heavy constituents for
bc quark are different, the exchange asymmetry for
identical particles does not hold; hence all diquark struc-
tures for spin-color states in bc½3S1-3̄�; bc½3S1-6�; bc½1S0-3̄�,
and bc½1S0-6� will contribute in a comparable level. At the
HL-LHC, 104–106 Ξbc could be produced, and increase to
2 × 106 ∼ 7 × 107 for FCC led to open possibility for
phenomenological researches. For the Ξbb, the production

cross sections are further suppressed, only 648 Ξbb could be
produced via Pb-Pb collision. Hence, the phenomenologi-
cal investigation for Ξbb through ion-ion elastic photo-
production may be not feasible.

IV. SUMMARY AND CONCLUSIONS

In this work, we investigate the doubly heavy baryon
and tetraquark production via photon-photon and photon-
gluon fusion with various ultraperipheral ion-ion collisions
in the framework of NRQCD factorization formalism.
Two ccðbbÞ-diquark configurations, ½ccðbbÞ; 3S1-3̄�
and ½ccðbbÞ; 1S0-6�, are considered for ΞccðbbÞ (TccðbbÞ)
production; four bc-diquark configurations, ½bc; 3S1-3̄�,
½bc; 3S1-6�, ½bc; 1S0-3̄�, and ½bc; 1S0-6�, are taken into
account for Ξbc production. The cross sections for each
diquark configuration and the total cross sections versus
transverse momentum and rapidity at the HL-LHC and

TABLE VII. The cross sections for gþ γ → Ξbc½bc; n� þ b̄c̄ through elastic photoproduction at the HL-LHC and
FCC. The cross sections in brackets are the contributions from the γ þ g channel, which are different from the gþ γ
channel in the p-Pb collision; while the two contributions are absolutely equal for the same ion collisions. The total
cross sections contain all the gþ γ and γ þ g channels.

Collisions
ffiffiffiffiffiffiffiffi
sNN

p
(TeV) Ξbc½bc; 3S1-3̄� Ξbc½bc; 3S1-6� Ξbc½bc; 1S0-3̄� Ξbc½bc; 1S0-6� Total

Pb-Pb 5.52 619 nb 530 nb 184 nb 129 nb 2924 nb
Xe-Xe 5.86 193 nb 165 nb 57.9 nb 40.3 nb 912.4 nb
Kr-Kr 6.46 67.8 nb 57.8 nb 20.4 nb 14.1 nb 320.2 nb
Ar-Ar 6.3 8.88 nb 7.57 nb 2.67 nb 1.85 nb 41.94 nb
Ca-Ca 7.0 12.3 nb 10.5 nb 3.72 nb 2.57 nb 58.18 nb
O-O 7.0 932 pb 792 fb 281 pb 194 pb 4398 pb
p-Pb 8.8 5.07 (0.48) nb 4.32 (0.40) nb 1.52 (0.15) nb 1.06 (0.10) nb 13.1 nb
p-p 14 3.64 pb 3.06 pb 1.12 pb 0.76 pb 17.16 pb

Pb-Pb 39.4 4334 nb 3635 nb 1338 nb 907 nb 20.4 μb
p-Pb 62.8 32.5 (2.10) nb 27.2 (1.75) nb 10.0 (0.65) nb 6.81 (0.44) nb 81.45 nb
p-p 100 15.7 pb 13.0 pb 4.91 pb 3.29 pb 73.8 pb

TABLE VIII. The cross sections for gþ γ → Ξbb½bb; n� þ b̄b̄ through elastic photoproduction at the HL-LHC
and FCC. The cross sections in brackets are the contributions from γ þ g channel, which are different from gþ γ
channel in the p-Pb collision; while the two contributions are absolutely equal for same ion collisions. The total
cross sections contains all the gþ γ and γ þ g channels.

Collisions
ffiffiffiffiffiffiffiffi
sNN

p
(TeV) σðgγ → Ξbb½bb; 3S1-3̄� þ b̄b̄Þ σðgγ → Ξbb½bb; 1S0-6� þ b̄b̄Þ Total

Pb-Pb 5.52 60.0 nb 4.81 nb 129.62 nb
Xe-Xe 5.86 19.2 nb 1.56 nb 41.52 nb
Kr-Kr 6.46 6.96 nb 0.57 nb 15.06 nb
Ar-Ar 6.3 920 pb 75.6 pb 1991 pb
Ca-Ca 7.0 1299 pb 107 pb 2812 pb
O-O 7.0 99.5 pb 8.27 pb 215.5 pb
p-Pb 8.8 523 (58.8) pb 42.9 (5.11) pb 629.8 pb
p-p 14 454 fb 39.8 fb 987.6 fb

Pb-Pb 39.4 546 nb 48.1 nb 1188 nb
p-Pb 62.8 4.17 (0.30) nb 0.37 (0.027) nb 4.867 nb
p-p 100 2245 fb 206 fb 4902 fb
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FCC are given. The cross section for doubly charmed
tetraquark Tcc is also estimated.
Numerical results show that the cross section for

½cc; 3S1-3̄� diquark is around 20–30 times the ½cc; 1S0-6�
diquark for photon-photon fusion; the ratio decreases to
11–12 for photon-gluon fusion. Based on designed lumi-
nosities of each ion-ion collision at the HL-LHC and FCC,
a considerable number of doubly charmed baryons and
tetraquarks can be expected. Because the event topologies
for ultraperipheral collision are very clear, the background
from various QCD interactions can be suppressed; hence,

the detailed experimental investigation for Ξcc and Tcc is
feasible. The transverse momentum and rapidity distribu-
tions are given. The productions for Ξbc=bb are also
discussed, leaving only a slight possibility for observing
Ξbc through photon-gluon fusion at the FCC.
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